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CHAPTER I 
INTRODUCTION 


By anelogy with the development of spectro- 
scopy, it is hoped that the secumulaticon of large quan- 
tities of information concerning the excited states of 
nuclei, such as level spacing, level width, anguler mo- 
mentum, and parity, may eventually lea to an understand- 
ing of nucleer forooes and the development of a oonprshen- 
sive theory of the nucleus, One of the most fundanental 
tools of nucleer investiestion is the electrostatic gen- 
erator, which has achieved its prominence by means of its 
flexibility of control of bombarding particle energy. 

The Rockefeller Generator at M,I;T,, recently put into 
operation as a positive ion accelerator, will enable re- 
search to be oonducted on elements whioh were previously 
unsuitable because of energy limitetions. It is hoped 
thet the results reported in this 0-۸ emong the first 
obtalnsd with the Rockefeller Generator, will not only add 
to the store of nuclear information, but will also be uss- 
ful in the evaluation of the performance of the generator, 

Three elements were chosen for investigetion: 


Li’, 55 and Vol, All three produce monoenersetic neut- 


an. 
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rons under proton bonberáment*, henoe make useful sources 
for use in the laboratory. ‘he latter two are monoiso- 
topio** in nature, and possess oertain other advantages 
over Li’ es neutron sourcss***, Actually, the results of 
our investigations indicate that the monochromaticity of 
the neutrons from the compound nuclei 7146 and Cr?” is 
open to question, ané must remain so until the disinte- 
gration schene cr the verious levels found in ths con- 
pound nuclei can be definitely established, 

The characteristics of the Li” (pn) reaction 
are well known for proton energies un to about 3 Mev, 
Our results havo dupliested tho known levels in the com- 
pound nuclous Gef, and have establishsäd additional trob- 
able resonances et hiphor energisg. In this seme experi- 
ment we also confirmed the 0,48 Mev level in 147 by sim 
ple absorption of the gamma rays in lead, The position 
of the level was independently measured by coincidence 
absorption experinsnts using the procedure described by 
Rose (Ro 48), The fast amplifiers and ocincióenoe cir- 
cuit used in this measurement shoulàó prove useful for 
studying similar reactions in which e charged perticle is 


emitted assentislly simulteansously with e semma ray from 





* Recent evidencs pointa to the existenes of two neutron 
groups froma Li’ target for E,>:'2.31 Mev. See Cham 
ters VII and X. Cf. also (La 50), (Jo 50), and (Gr 50). 


** Hess (He 49) has recently reported the isotope V9 to 
be present to ona part in 400 in nature, 


**'*cseae Chapter VIII. 













perna ¿pari SO A AA NA TA A 
ہہ ہم درد‎ wi آلد لن قدصفہ کم‎ ui mÀh 
٭٭دس: مود‎ senil. «daras ers les ¿tuto پر‎ ۵ 
ب هسه و رر د‎ ٣٦٣ ٔ/۸ء++4+)))‎ ٔ 911 vu TL ap 
to 1۸.10130۰ sir ju mau س‎ e ) 
ری‎ Chus gae سش لل ریا‎ ۷١ sa 
AE vi Lin en شا سه سمل‎ mb bn ug ٣-۳٣ 
00% ز١ یہ‎ aes! slve. hab oA) 3d manne ion 
deiat tin د‎ e lar - 

(١‏ یمون ون (mg) Ya mit te‏ سن 
iai wor i)‏ مد وسر سو تہ حسم هم 
کک ہک چا کے چک کے ےھ کے 
kunden =‏ ی و ای رد . ہر ینہ 
ae‏ مدمه مط maki‏ سناس -Putd kw Aldi ei‏ 
` جو erte ein ke‏ تار ڈیو ہ "We wi Tei mi‏ 
einig zo" mt ai ren fg Dis In nahen el‏ 
——— — 
د مه کی مناوږ فل وحوحمی سه لف له 
wd‏ هه فاا سد oam lg leg‏ ەلہ 
SÉ Ef viet Alda Sagan zen ald? at beam ef‏ 
diite boradi o alb al amoliwmeq galla) W‏ له 
هو en IAN TUNE DESEE CF‏ 





E. 


- 
H 














d 




















mun saosa t 


ee, ا ا‎ E 
a D roll bt? Wee ا روز فی‎ wag =" 


څپ ` tse sert‏ کت 














the compound nucleus, 

Qur results for the medium weight nuelei, v?4 
and So? , indicate the existence of many excited states, 
The observed level schemes have been compared with Wil- 
son's spherical shell modal of the nucleus (Wi 50), and 
are found to be in agreement with his hypothesis that en- 
ergy levels with e constant spacing, independent of mass 
ond exoitation cnersy, exist in nuclei. 

A rigorous quantitative test of Wilson's theory 
depenás upon the use of mass values more accurate then 
those available at present, Vsing the best obteinsble 
mass values, the agreement with observetlon is quite sat- 
isfactory, ená iz the caso of SEH striking. It must be 
recognized, however, that Wilson's theory is actuelly on- 
ly an empirical fitting of observed data, and without 
further interpretation can lead one no further towerd a 
fundamental understanding of the nucicus, Even so, his 
theory has several practical opplicationsa, which are dige 


cussed in Chapters VIII anc YX, 














- و al UA‏ کله مساق iaie‏ مسال ج 
kh) AUDI 4‏ د — hie mae qum w‏ 
. مس جیسی نہ 3 di‏ - 
pra „u Ari Amana ta s ox died»‏ 
ىم هعتم می WELLE QA SL (wa‏ 
ANA a‏ دد eae TA Susman‏ 
ېا pi fair‏ ملف 
هلووسم u elite dar ln‏ 
SOQ i‏ یو وور mat ruma ma sealer ow LO‏ 
وب :پٹ سے کی لف سه مه سواه 
Sem 1080, 1: rende ae ker ed‏ 
سا ےد نے سی ے gt viet bie:‏ سه سا 
A A ALS Fial o ormak‏ ےہ ae l mt‏ 
MO eH TN‏ همهم وسر وت عاعګټتوض ` 
ina‏ سو جم e bommi sirus er‏ 
MIs ez vergin ali 14 asi La‏ 
سنستا rien Ligen latateams Lee‏ نمو ANA Pë‏ 
وموم IT coryn ai‏ تد | - 


) 








e ~ = 
= i -ð 





H | a - — a l = — 


CHAPTER TI S 
SLECTRONIC APPARATUS 


Introduction 


The past decede has witnessed a considerable de- 
velopment in pulse amplifiers, particularly for low-level 
Signals of very short duration from electronic detectors 
of radiation. Fast amplifiers have been designed whose 
response approaches the limit attainable with conventional 
tubes and circuits. Eventually another factor of ten in 
speed of response may be achieved by the use of sub-minia- 
ture tubes and distributed parameter circuits. Beyond 
this apparently irreducible minimum, the limit is set by 
transit time of electrons. 

Two fast amplifiers were constructed during an 
investigation of the possibility of measuring neutron ener- 
gies in the resonance region (1 to 102 ev) by means of de- 
layed coincidences, utilizing reactions in which gamma rays 
are emitted essentielly Hasta ds iy with the neutron, 
The energy resolution is given by * ۔‎ , Where t ig 


j 


the tims taken for the neutron to travel from source to de- 
tector, and 27 is the time duration in the coincidence 
circuit within which the neutron and gamma pulses must fall 


if a coincidence output is to be recorded. A 16 kev neutron 
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travels a distance of one meter in 0.72 y seconds. The 
energy resolution of the system for this neutron is thus 


= LL where J is in ¿ seconds. To extend energy 


measurement beyond that attaineble by the Columbia Veloci- 
ty Selector (Ra 46), 7” shoulá be Z.05. Accordingly, 
the system was constructed to conform to this figure as an 
upper limit. This selection requires detecting apparatus 
in whieh the time uncertainties, such as rise time and the 
delay between initial ionizing event and formation of out- 


put pulse, are < .05 ¡ seconda. 


The Neutron Detector 


The neutron detector presents the most difficulty, 
A boron (preferably gi?) impregnated phosphor used in con- 
junction with a photomultiplier tube would ba ideal except 
that if thin enough to be transparent, its efficiency is 
too low, or if thick enough to achieve tolerable efficiency, 
it is opaque to its own fluorescence (Nu 49}. An enriched 
boron trifluoride proportional counter is probably the next 
most logical ohoics. The general properties of such a count- 
er are shown in Fig. 2-la, 

if the initiel ionizing event is considered to be 
an impulse function, the output will be as shown. During 
the time (OA) required for ths electron to travel from the 
point cf initial ionization to within a few diameters of the 


center wire, essentially ne output pulse appears, This time 
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uput of È Bs, proportional counter. 





Dope cf output current from BY. counter assumed 
For analytical purposes. 
2/3 

e jd e A/T 

R = OX 
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e / 1 

2 . 5 TT 1252 1 SE TTC 





can be computed using a curve given by Rossi and Staub 


(Ro 47). For voltages and pressures normally used 
lts 

(z/p« 9 -X9— 
تلع سی‎ 





) this curve ean conveniently be repre- 


a 


sented by the linear relation: electron velocity W = 107 
E/p. The resulting transit time will be too large by only 
a few percent. Thus for a typical boron counter: V = 2300 
volts, p = 46 emHe, anode radius 1.25 cm, aná a 2 mil cen+- 
ter. wire: 

W(r) = io? — 2300 — = 10” , 

460 r £n 166 r 

and the time required for an elsotronto travel from the 


counter wall to the center wire ís; 


T = ' L dr — 0.08 #4 seconds, 
1.25 107 

“hen the electron avalanche approaches within a 
few diameters of the center wire, an output pulse with a 
rise time of about 107” seconds (AB in the figure) accom- 
panies the electron collection, The remainder of the pulse 
is the result of positive lon collection and is of the order 
of 200 to 400 „ seconds., It is possible to measure the rise 
time by observing the pulse on e very fast oscilloscope. 
Such a method requires that the amplifier and oscilloscope 
be able to reproduce the pulse faithfully. The rise time 
mey also be determined approximately by measuring the vari- 


ation in pulses height as a function of the tine constant of 
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a circuit which differentiates the pulse. (The parameter 
in this experiment was the output capscitor of the pre- 
amplifier, Fig. A-1.) The method assumes that the current 
pulse from a boron counter may be represented es 
4 = kK(1 - a-t/a,, where c is the time required for the 
pulse to reach 6% of its final value. Using the Laplace 
transform, the voltage across the resistor of the differ- 
eutíatins circuit can be shown to be: 

e, = AR. | eft , ev | (2-1) 

T- € 

where T = RO, and E is the moximun value of $n» obtained 
when T AN o, The maximum value of fq. 2-1 1s obtained by 
setting de,/dt = Q: 


be ü ln 6 m fn 
9 = — erat T وه‎ e` d (2-2) 
R m 
Tea 
which reduzes to 
x a 
e, = Exle® ,x=c/T. (2-3) 


The dimensionless plot of en/T versus oi is shown in Fig. 
2ele. Ths experimentally observec values of en/E ere then 
entered ag ordinate, and the corresponding values of a/T 


used to compute a, as indicated in Table 2-1, 
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TABLE 2-1 


Pulse Capacitor هه‎ a 
eight in ¿Lf Y in y 6 
50,0 volts 4985 1, ~0 indef. 
50.0 3040 bL. ^ 0 indef. 
440 1380 .88 .037 ‚051 
12.8 1102 .356 .050 .055 
41.9 1025 «639 .059 .061 
41.1 914 | 823 .066 . 061 
LO, 3 813 . 806 .075 .061 
38.0 727 . 760 „110 . 080 
3.0 633 . 092 „170 .108 
30.6 513 .613 272 » 140 
27.2 4,32 ‚545 . 398 . 172 
22, 1 332 442 .670 e. 222 
15.5 219 « 3410 1,40 e 306 
10,7 114 . 214 2.50 . 286 


Averege a = 0.133 ¿ mec, 


The fact that the observed values for a are not 
nearly the same is causec by: 
The output pulse cannot truly be repro- 


sented by the analytical function as- 
sumed, 


Qe 
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b, Errors may exist in the measurement of 
capacitors used. 
,۵ه‎ Determination of the pulse height is 
subject to an error of about 10%. 
ús Not all pulses from a given counter will 
heve the seme shape as indicated in Fig. 
2=la. The transit time (0A), the elece 
tron collection time (AB), and the pulse 
height are functions of the location in 
the counter of the initial ionizing e- 
vent, and the direction in which the ion- 
izing particle travels, Subject to these 
conéitions, the riss time and transit 
time may vary by as much as a factor of 
three with the values quoted in preceding 
paragraphs. 





However, since no single value of « differs radically from 
the average, it is felt that the method provides a fairly 
relleble yet easy means of estimating very fast rise times. 

The use of a 100 „uf capacitor in the preamplifier 
output requires a sacrifice of a factor of 5 in voltage gain. 
However, it is considered best to secure the necessary gein 
by acditional amplification, thereby retaining the sgall dif- 
ferentiating time constent (100 x 1000 x 1071? « 1077 Set.) 
in order to prevent the pile up of pulses at fest counting 


retes (i.e., greater than about 500,000 sec”). 


The Gamma Ney Detector 


As mentioned previously, the scintillation counter 
makes an ideal detector for many purposes, Its rise time 
and pulse duration are very short. The photomultiplier tube 
may be directly connected to the —— Md», eliminating 
undesirables cable capacitences, Ita sfficiency for gamma 
rey detection may be made as high as 15% by choice of & 
thick, clear anthracene crystal. 

Sketches analogous to Fig. 2ela may be drawn for 
the scintillation counter as shown in Fig, 2-2a, b. Aa bbs 
foro, let the initial ionizing event be represented by an 
impuise function. [Dependent upon dynods voltage, dynode 
spacing, and number of dynoäss, no output will appear on 
the collector electrode for about 4 x 107? seconds (OA), 


following activation of the photosensitive surface by a 
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photon, The pulse has & riso time of about 6 x 10710 
seconds (AB) followed by a comparatively constant output 
for about 3 x 10740 seconds (BC) which represonts the 
variation in tins required for different electrons to travy- 
el through the tubs (Pe 48, Ow 44). The pulse has a decay 
time (CD) approximately equal to its rise time, 

„hen a erystal or phosphor is placed before the 
photosensitive surface, the output pulse assumes more near- 
ly the shape of the light pulses in the crystal, eg indicate 
ed in Pig. 2-2b. The electron transit time, 4 x 10°? sec- 
onds (OA'), remeins. However, the pulse now has a rise 
time (A'B!) which is characteristic of the crystal. ‘ine 
ilarly, the pulse kas a decay time (8'D') also characters 
istic of the crystal, The rise time of most cryatals has 
been found to be about 2 x 10”? seconds (Co 48, Or 49); 
but the decar time veries between wide limits. Toms of 
the faster decey times have teen given by Collins (Co 48) 


as: 


Naphthalene - 5,7 x 107? seo. 
Anthracene e A585 108 S6C. 


Penanthrene = 0.39 x 1078 SEC. 


These figures are to be contrasted with the somewhat slower 


decay times of inorganic phosphors (Jo 49) such as: 


Zn3 (Ag) = 1 چ‎ 1075 40 
068 (Ag) - 1x 107^ seconds 
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The choice of crystal or phosphor depends upon 
(1) speed, (2) efficienoy, and (3) pulse height. Inorganic 
erystals and phosphors have larger pulse heights end groat- 
er efficiencies but less speed than organic. In general 
the emission time of inorganic phosphors is > 1077 seconds, 
the emission time of organic phosphors < ې‎ seconds. The 
increased use of scintillation counters has caused the ine 
vestigation of the properties of many crystals and phosphors 
(Co 45, Or 49, Jo 49, Ho 49, Ga 49, Le khh, Mo 48, Ho 48, aná 
many others). 

The best available crystal was a cylinder of one 
thracene, 1.15 mme thick, with an irregularly shaped base 
roughly 13 em? in area, ‘The photomultiplier tube (RCA 5819), 
surrounded by a muemetal shield, was enclosed in a light 
tight brass box, and mounted integrelly with its preamplifier. 

Since the apparatus was to be used in the vicinity 
of the magnet st the Rockefeller generator, it was necessary 
to test the effect, if any, of the stray magnetic fieid on 
the operation of the photomultiplier tube. This was done 
using a 10 » curie radium gamma source, with the counter a= 
bout 1 meter distant from the magnet. The results appear 
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tia 258 0 7 Counts in * * 
Setting L Minutes X =< X (x - £) 
0 67132 = 314 98600 

1.5 67476 30 900 

3.0 67828 382 146000 

ine $ 67779 385 111000 

6,0 674,80 34 1160 
12.0 67119 -327 106800 
15.0 66985 2461 213000 

X = 6746 £ = 692660 


R 
دح‎ 
" 


692660/67446 = 10,3 


taf 
ti 


(8-1) = 7 egress of freedom, and there- 


fore P 0,2, is tha probability that a repeti- 


tion of the experiment would show greater devietions from 
the expected valus., Sinee the counting rete shows no trend 
with magnetometer setting, ang since the probability P is 
such as to indicate thet the deta satisfy the randonicity 
test, it has been concluded that the stray magnetic fisid 
has no measurable effect upon the operation of the scintil- 


lation counter under the conditions indicated. 


Preanplifiers 


The preamplifiers for the neutron end gamma ray 
detectors are essentially identical. They ore cathode fol- 
lowers, with a physical layout designed to give the best 
possible rise time. hen tested salone using a pulse gen- 


erator input, each showeda rise time of less then 0,01 yu 
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I BEL 3 


second. Type RG 65 U deley line of characteristic impedance 
1000 ohms connects each preeamplifisr to its appropriate amp- 
lifier. This celey line together with the output capacitor 
of the preamplifisr serves es a differentiating circuit so 
that "pile up" of pulses wili not occur in later stages of 
the circuit. From the circuit diagrams of the preamplifiers, 
Fig. 4-1 and A-2, it is seen that the differentiating time 


12 = 107” seconds in the cese 


constent is 100 x 1000 x 19” 
of the scintillation counter preamplifier and 500 x 1900 
x بعد‎ = 5 x 10^" seconás in the case of the boron counter 
preamplifier, Thus average counting rates from random pulse 
6s of roughly 108 sec”? and 5 x 10% seo”! respectively will 
not result jin sericus pile up, 

Delay line was chosen as the connection between 
preamplifiers and — for the following reasons: 
(1) delayed coincidence methods can be used simply oy ine 
Serting extra lengths of deley line in one channel or the 
other; (2) the value of the characteristic impedance of the 
delay lins is convenisnt for use in the differentiating cir- 
cuit, as exvlained un and (3) it is more eonvenient to 
drive the delay line at this (low level) point in the cir- 
cuit rather than between the amplifier and coincidences 
eircuit, since if the delay line is at the latter point, 
ons must use an amplifier cutput tube capable of supplying 
enough current to produces an output pulse across the deiay 


line sufficient to insure that the coincidence tubs is con~ 


pletely cut off. 
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Except for siight modifications, ths amplifiers 
follow an original design of Elmore, who has presented the 
problems arising in fast pulse amplifier design (El 48), 
as well as an analysis of these circuits (El 48a). 

The theoretical analysis of fast pulse amplifiers 
is most easily aceomplished by means of the Laplace trans- 
form, Since this mathematical tool lends itself well to the 
pulse shapes experienced. The method is applicable only if 
the response of the system to e unit step function shows a 
nonotonic rise. Since oscillations are undesirable in pulse 
amplifiers for particle counting, this is no deterrent to 
use of the method, 

Let e'(t) bs the response of the system to a unit 
impulse function, Then, in order to approach the problem 
analytically the following definitions ere made: the delay 
tine Ty is the tine to the centroid of e'(t)3; 1.6, 


00 
7 > t e'(t)àt, 
. “4 


and the rise tins Tp is proportional to the racius of gyra- 


tion of the area of e'lt);, 1.6.6, 


EE Ze Leit jdt مو‎ Ty 


where (25) V? is e constant of proportionality arising from 
ths fact that e'(t) from an n stage explifier approaches 


more end more closely a Normal Law distribution curve 
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Fig. 2-32, Tn nnd Ty ns defined in the text. 





Fig. 2£-2b. Ty and Ty as usually defined in the lab- 
ov-tory, "he two systems of definition 
yield essentially the same numerical 


result. Thät of Fig. <-3a lends ioi 
well to mathematical analysis. 
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The practical importance of the analysis is that 
it indicates that for minimum rise time the poles of g(s) 
must indeed be a single multiple order pole situated on the 
negative real axis of the s-plano (for eo monotonic response), 
and henee that each stage must be compensated so that this 
situation will exist. 

ine rise time T for en n stage emplifier of ovar- 
all gain G, whose individual stages are properly compensated 


to give the same rise tims To? is 


T= Yñ T, 
m. y |i/n 1/n 
e 1 | Ya G (2-k) 


where 7 is a figure-of-merit for en interstage network and 


is numericelly squal to Lene , Where C is the sum of parae 
S Cm 


sitic capecitences of the stage, Gm is the tube transcon- 
ductance, and S is @ numerical factor (from 1 to about 2,5) 
obtained fron ths Laplace transform of the system function 
for & given stage, if the 7 are made equel by proper 
choice of plete resistors anc compensating inductance, then 
T= Jg va g/t, Thus the overall rise time has a minimum 


for 


n = 2 /nG 
n = 2 Jh یک‎ 

2 
el 


or Gp = = 1,65 per stage. 


Such a low gain per stage requirement for miniruz rise time 
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makes excessive the number of stages required for amplify- 
ing signals from particle detectors. Fortunately, Eqs 2-4 
has & broad minimum, so that the gain per stave may bs 
raised to 2.7, with only a 10% incrsese in the rise time, 
In the amplifiers constructed for this work, a gain per 
stage of 3 wes used, giving an overall gein of 3° = 7,0, 
The riss time, for a step- function input was observed to be 
0.05 microseconds, 

The method of compensating was accomplished by a 
four terminal network, and is indicated schematically in 
Pig, ه2‎ 

An inersase by a factor of 3 in overall gain was 
eenieved over Hlmore's original design by adding a stage 
identicel with the first directly in front of 1%. This in- 
crease in gain coupled with tke fact that the compensating 
network gives pulses about a 1% overshoot, combined to make 
the problem of pulse overshoots troublesome, However, the 
difficulty vas eifectively ellninated by insertion of series 
diodes (Type IN34 crystals) in the grid circuit of the Type 
607 tube. 

The amplifler has both a positive and negative 
output, the former being led to a sealer for obtaining the 
Single counting rate, the latter being led to ons channel 
of & coincidences circuit. The schematic Ciasrem of the amp- 


lifier is shown in Fig. 4-3. 
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Fig. 2-48, Pig. 2-4b. 


Uncorrensated network. comrensated network. 





fig. e-4c. =quivalent circuit for tie compensated network 
waen the output eapacitance of one tube is one half the 
input capacitance of the follo-ing atage. Tue coupling 
capacitor Co may be shifted 2s indigated by the dotted 
lines to make the ratio of output to input capacitance 
equel to one half, 


G5 = 0.5C, Cy 3 0.220p:L, = 0.2R%C, Lo = 0, 
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The Coincidence Circuit 


The coincidence circuit has been developed from a 
design proposed by Bell (Be 49), and consists basically of 
two tubes with a common plate supply voltage delivered 
through a section cf delay line which serves as a pulse 
forming device. 

Bach input is constructed with a type IN44 West- 
ern Electric (low capacitance) crystal diode which is so 
oriented as to reject positive overshoots on pulses from 
the amplificrs, The diodes serve an additional purpose in 
that an adjustable bias may be applied across them so that 
they act to discriminate against pulses whose height is 
less than a given value, 

The pulses developed across the delay line in 
the plate circuit of the coincidence tubes are fed to a 
discrimineting stage which, when biesed negatively, pro- 
éuees an output pulse only when both coincidence tubes are 
Gut off within a time ecual to the double delay time of the 
delay line used as the pulse former. However, operation of 
this stage at such a large negative bias necessarily means 
that the tube is in the region of low transconductance; 
henoé a stage of amplification i18 required following this 
discriminator. From the amplifying stage, tho pulses are 
fed into a cathode follower designed to drive the coaxial 
cable to the scaling circuit. 


The effect of various lengths of delay line in 
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the plate circuit of the coincidence tubes was tested by 
applying the same signsl to both inputs through various 
lengths of delay line, and measuring the colncidenss rats 
as a function of the difference in length of delay line be- 
tween signal source and the two inputs. The results ere 
shown in Fig. 2-5a ror two different lengths of vulse form- 
ing delay line. The simple expedient of chunging the length 
of the pulse-Porming delay line enables one toc choose the 
resolution time of the apparatus, that is, the time within 
which puises from the singis channels must appser at the 
coincidence circult input in order that a coincidence be 
registered, 

ihe resolution tine can also be varied by changing 
the bias on the discriminating stages, since the pulses pos- 
sass a finite rise and decay time, Thus,as the negative 
bias is increased, only the more narrow tops of the pulses 
are effective in causing tke discriminating stage to con- 
duct, and one obtains a shorter resolution time, This ef- 
feet is shown in Fig, 5b 

Tdeally, it is desirable for coincidence pulses 
to have the same rise time and an amplituce several times 
larger than that required to cut off the coincidence tube, 
It is quite difficult to achieve these features, since both 
the boron counter and scintillation ¢ ounter have large vari- 
ations in putput pulse height as well us significant varla- 


tions in pulse rise time. ‘the effects of these variations 
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have been reduced by emplifyine the counter pulses so that 
the maximum input pulses to the coincidence tube grids 

hevo a height of about 60 volts. ven so, some of the 
smaller pulses have amplitudes less than 6.7 volts, which 
is just sufficient to cut off the coincidence tubes. How- 
ever, the great majority of signal pulses are clipped so 
thet the output of the coincidence circuit consists largely 
of pulses of equel height, although ٥ few of smaller height 
are present. The integral bias curves, Fig. 2-50, domon- 
strate the action of the coincidence circuit in reducing 


nearly all pulses to & uniform height, 
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Fig. 2-58, Coincidence 
counting rate versus “mec 


sep2retion of pulses. 
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ig. 2-5b, Coincidence 
counting rate versus time 


separation of pulses, 


oe oy BS with discriminator tube 
-9 volis bias as parameter, 
, 04 . 08 ee microseconds 


Fig. 2-5c. Scaler oe 
rate versus disceriminator 
setting, indicsting uni- 


formity of pulse height. 
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CHAPTER 111 


AN ANALYSIS OF THZ TIME-OF-FLIGHT METHOD FOR DETERMINING 
RESONANCE NEUTRON ENERCIFS 


The possibility of measuring the time-of-flight 
of neutrons for energies up to about 100 kev wes proposed 
as an experiment which might be performed with the elec- 
tronic equipment described in the previous chapter, Spe- 
cifically, the prOposal was to measure the low energy end 
of the neutron spectrum emitted by ae Po-Be or Ra-Be scurce, 
With the source next to the scintillation counter and a- 
bout one meter from tke neutren detéctor, n-y coincidences 
would be observed as a function of deley inserted in the 
y-channel. With corrections for random coincidences and 
for the variation cf Getector sfficiencies with — 
this measurement would give the distribution of neutron 
energies, Sinse a 100 kev neutron requires 0.227 micro- 
seconds to travel 1 meter, and since this time is consid- 
erably greater than the resolving time of the equipment, 
it would appear that fairly good energy resolution might 
be obtained fcr energies up to about 100 kev. 

Before proeeeding with the experiment, ii wes 
necessary to estimate the counting periods which would be 


required if reasonable statistical accuracy were to be 
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obtained. To this end, sn assumption about the probable 
character of the spectrum being investigated must be 
made. Dacey and Paine (Da 49) give a summary of work on 
the neutron spectra from Ra-Be and Po-Be sources. They 
include an analysis of thse energetics of the Be? (a ,n) 012 
reaction, and they show thet neutrons of energies less 
than 0.7 Mev are unlikely to be produced in the reaction. 
To account for lower energies, the following sequence has 


been suggested (Bj 38): 


pe? + Het — 013” — Ba9* + Het 


Be9* — Bed +n 
or, more likely, 
pe9* — 2 geh + n 


The overall %.alues are -1.63 Mev and -1.74 Mev. The 
Be?" nuoleus máy nave quite a range of velocities at the 
moment the neutron is emitted. The neutrons, therefore, 
will have @ considsrabls spread in energy, anā will in- 
clude some with very low energies in the laboratory co- 
ordinates, Measurements of the Ra-Be neutron spectrum 
(De 45) and the Po=Be spectrum (Pes --) are cited by Dacey 
end Paine. No meesurements below 100 kev are shown, but 
the trend of the curves suggests that the number of neut- 
rons decreases with decreasing energy. Yalow and cowork- 
ers (Ya 46) have estimated that < 10 per cent of the 


neutrons from a R&-Be source have energies less than 100 
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kev, On tho besía of tha foragoins information, the a3- 
sumption was made thet 10% of ths neutrons from the source 
have energies less than 100 kev ano that the distribution 
is such that the number of neutrons of a given energy is 
proportional to that energy. Diagraumtically, the as- 


sumption is the following: 


Ny = total number of 
ans/ ak neutrons fron 
the sources, 


0 E E+dE 100 kev 
100 : 
T (ag/dv)dz s Ny! 10 
0 


02/68 = kE = (N,/5 x 10")z (3-1) 


With this assumption, an analysis of the expected counting 
times was carried out. The method and mush of the nota- 
tion in what follows are due to Dunworth (Du 40). All u~- 
nits are C.2.8. except that energies are expressed in kev. 
The time-of-flight t of a neutron of energy E 
over a distance dea between the source and the neutron de- 


tector will be 
vi = a,(m/au) V? = 2,27 x 10“Š a,/mM/2 (3-2) 


The coincidence circuit has e finite resolving time T ana 


therefore there is a range ûû over which tho neutron ener- 
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gy may very end yet cause a true coincidence to bs re- 


corded, This range is given by 
dg = (27/t)E (3-3) 


The number of neutrons aN whose energies lie within this 


range is obtained by combining (3-1), (3-2), and (3-3): 
an = (N,B9/22)/(5.6 x 1074 a) 


These neutrons will bs detected with a net efficiency 
(ineluding solid engle) e5, and their accompanying y- 
rays will be detected with a net efficiency 01. Tho ex- 


pected genuine coincidence rate G is then 


All the neutrons anda y-rays enitisd by the sources will 
contribute to the falss coincidence rate P. The detec- 
tion efficisncios will be avorages for the entire spec- 


trum. Hence 


F- 2 
Bre N, ° °1 (av) ° °2 (av) 


C, the coincidence rate due to cosmic particles, will be 
taken as negligible. Dunworth shows that the total time 
of counting T which is required to attain a given frac- 
tional standard deviation f in the genuine rats G is 
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provided the zrror in deternining T is smell. Substi- 


tuting for F ana G Trom the equations above gives 


9 31.4x1078 63 [(125/2/5,6x107% لھ + وہ ہم( وہ‎ 91 (ay) 92 (av)] 


N, WF Fe 


in order to estimete the counting times to be expected, 


the foilowing numerical values were substituted in this 


equation: 
do = 100 cm. 6 = 3.5 x 0% 
J = 1977 set. € = 1,3 x سي‎ 
i = 2 = je) A je 
E 25 kov 1 (av) 3.5 x 10 
= 10% (پو)وة‎ = 42 X 1078 


The values in the left-haná column were selected to give 
reasonable accuracy ana resolution. The efficiencies arse 
based on meesurements using a Po-Es source of known strength, 
except for es which wgs computed from the known charactor- 
istics of 8 HF, counter. The source strength Ny avail- 
able was about 2 x 10? neutrons per second. The result of 


the calculation is 
T & 800 days. 


With an optimur source, one in which N, = 1/29, this fig- 
ure would be about 600 days. 

Since T represents the counting time required sa 
to establish one point on the distribution curve, and 


since the assumptions upon which these values are based 
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Seem optimistic, it appears theat measurerents of this 
kind must «wait the development of more efficient neutron 
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CHAPTER IV 
THE ROCKEFELLER GENERATOR 


The measurements described in later chapters 
were mače at the Rockefeller Generator, which has recent~ 
ly been put into operation as e positive ion aocelerator. 
A proton or deuteron beam is eesslereted vertically from 
the jon source in the terminal through an foot tube in- 
to a deflection chamber where it is bent to a horizontal 
direction by on analyzing magnet. The beam strikes the 
target at a height of 102 cm. from the concrete floor and 
230 cm, from the nearest wells, also of concrete, A pres“ 
sure of about 15 mz Hg in the tube and chamber gives a 
well-defined beam of about 2 ی۔إ‎ amp’ of HI or D, 

At present the energy of the beam striking the 
target is controlled by manual adjustment of the current 
through the analyzing magnet. In the near future, a meth- 
od of automatic beam energy control will be available. 
This method will employ a magnet fiux regulator which 
receives its error signal from the deviations from the 
nuclear magnetic resonance condition of protons in a hy- 
árogenous liquid. The error signal is obtained from a 
pick-up coll in which a voltage is generated by nuclear 


induction (Bl 46, 46a,b, To 49, Em 49). This method of 
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energy control, coupled with adjustment of the entrance 
and exit slits of the analyzing magnet,will permit an 
energy resolution of about 0.01%. The present energy 
resolution of 0.1% is sufficient for many preliminary and 
exploratory experiments such as ere described in this 
paper. 

The calibration of the generating voltmeter, 
whoss readings determine the beam energy, is based on the 
HJ(p,n), LÀ7(p,n), and C13(p,n) reactions which have sherp, 
well-Getermined thresholäs for neutron production. The 
Li" reaction gave points at 1.381 and 3.762 Mev, the lat- 
ter using Ha’. The calibration points obtained were: 





Generat Voltmeter 3. of Pear 
22.0 0.986 (Ta 49) 
409.5 1.881 r 49) 
70.8 3.236 (Sm 50) 
62.0 3,762 


The plot of beam energy versus generating voltmeter set- 
ting, Fig. h-l, is not quite linear, More calibration 
points sre needed to determine precisely the extent of 
the non-linearity, perticularily at ths lewer voltmeter 
settings, 

To dete, no extensive study has been made of 
background as € function of beam energy and location in 
the target room, A rough estimate of the background was 


obtained using & piece of clean tantalum, which serves 
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as a baeking for most targets. The neutron and gamma ray 
counting rates were observed as « function of proton bean 
energy. The tentalua is mill quality, unannealed. It 

was obtained from the Fansteel Metallurgical Corporation 


of Hartford, Connecticut, which specifies its content as: 


Tantalum =- 99.9% 
Tron - 0.03% 
Carbon سه‎ Oe 03% 


The neutron and gaman ray yield curves from this target 
are shown in Figs. 4-2 and 4-3. The rise in neutron 
counting rate at a generatine voltmeter setting of Vl is 
believed to be the effect of the carbon impurity of the 
—" plus the effects of carbon from grease in the 
vacuum system, which may collect on the slits or bs de~ 
posited on the target during bombardasnıt, Thus Figs. 4-2 
end 4-3 indicates the extent of undesirable neutron and 
gamma radiation from the tantalum target backing and var- 
ious parts of the generator which the beam may strike, A 
comparison of these figures with the yield ourves of lat- 
er chapters shows that in generel, the counting rotes 
plotted on Figs. h-2 and 4-3 are negligible compared to 
the counting rates observec with the targets studied. 

In a few isolated instances, for example in determining 
the V21(p,n)cor?l threshold, it wes necessary to consider 
this background. 


The question of background has been troublesome 
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at times, This is particularly true for low intensity 
beams (0.5 ú amp or less), In some instances, it hes 
been found possible to make date reproducible and consist-~ 
ent only by subtrecting ec backeround effect which is a 
linear time function. This correction was determined by 
repeating measurements at different beam intensities, so 
that varying amounts of time were requireé to collect a 
specified amount of cherge on the target.  rossible ex- 
planations of the effect lie in the presence of radioact- 
ive sources near the detecting squipnent, or in leakags 
or non-linearity of the beam current integrator. The 
former cause is guarded against by removal of sources, 
while the latter hes been tested by use of various known 
current sources as an input to the beam current integrate 
or, with no defect being detected. The sources and dis- 
tribution of beckground radiation will need esreful in- 
vestigation before precise cross section and energy meas~ 
urements can be undertaken, 

A long counter, similer to that described by 
Hansen and MeKibben (He 17), was used as a neutron de- 
tector, The paraffin cylinder was 8" in diameter by 10" 
in length, Kowsver, no holes weres provided in the face 
of the paraffin, es described in the reference. The 


counter itself has the following specifications: 


Qutside diameter 1" 
Wall thickness 0.042" brass 
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Active volume 
Center wire 


Filling 


Operating voltage 


10" in length 
2 mil tungsten 


55 n of 967 
enriche BR, 


2200 volts 


The ganma ray detector was a Victoreen lB55 


Thyrode Counter tube, with the following specifications: 


Outside ciemeter 
Wall thickness 
Active volume 


Operating voltage 


د 3 = 


51/61," 

30 mg/cm” aluminum 
2.75" in length 
790 volts 
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CHAPTER V 
PRZPARATIOT OT TARGETS 


During the course of these investigations, 
several different tarests were used: a deuteríun target, 
a lithium target, two vanadiun targets, andá a seandiumnm 
target. Neither the deuterium target nor the lithium 
target presented any special problems. A deuterium tar- 
get, consisting of deuterium gas absorbed in a layer of 
Zirconium on a wolfram baciing, described by Graves eb 
als (Gr 49), was available, The rotating target holder 
of the Rockefeller Generator is equipped with an slectric 
furnace suitable for evaporating lithium targets in situ. 

Vanedium, because of its high boiling point, 
30009 C, (Ho 47), cannot be eveporated in the generator 
furnace. Baird Associates of Cambridpope, Massachusetts 
vere reguested to orepare two targets of about 0.2 and 
0.5 microns thickness. They experienced no difficulty 
in evaporating vanadium in vacuo., The method used was 
to insert a sliver of vanadium ebout 5 mm. x 3 mm, x 
l mm. into a closely wound helix of wolfram wire which 
was heated oy conduction. This method has the disadvan- 


tage that the shedow of the wolfram helix makes the tar- 
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get somewhat non-uniforn, 

The problem of preparing a thin scandium tar- 
get proved to be difficult. The only form of seandium 
wnien was availeois was the oxlde, prepered by Johnson, 
Matthey and Compaiy, Linitei, of Londoh, and certified, 
*"spectrogravhically standaruized", It was obtained fron 
the Jarrell-Ash Comvany of Poston, Massachusetts. While 
the boiling point of metallic scandium, 2189-9 CG. (Ho 47), 
is not excessive, tne oxides is highlv refractory, and 
temperatures high encuen to reduce the oxide are diffi- 
cult to attain. Because the matsrisl is a fine powder, 
the wolrram helix method is not suitable, O'Bryan (Ob 
34) describes a technigue for svaporating highly rofrao- 
tory substances, It Gonsists essentially of bombarding 
a small carbon crucible with electrons accelerated by a- 
bout 4,000 volts, This methed was tried unsuccessfully. 
The limitation was the difficulty of attaining a vacuum 
sutficientlv high to prevent the Formation of a gas dis- 
charge, 

A method was devised which was successful, A 
1/1," graphite rod of spectroscopic purity was used, The 
rod was 4" long. The middle 2 inches were tapered down 
so that the cross section in the center was 1.5 mm. x 
1.5 mn, A longitudinal groove about 1 rm. deep and 5 mm. 
long was cut in this small central cross section, forming 


a boat-like crücible,. Heeting currents of the order of 


200 amperes are required, The ends of the graphite rod 
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operate ot red heat and must be heid by tantalun clamps 
to avoid melting the brass clamps which ure ordinarily 
used. With this errensgeront, the oxide was easily rê- 
duced und the mstellic scandium deposited on the target 
by eveporation. The method is considerably simpler than 


O' Bryan's and avoids the nocessity for kich voltace and 


high vasuun. 
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CHAPTER VI 


AN ENERGY LEVEL IN LI’ FROM THE DISINTEGRATION OF BORON 
BY SLOW NEUTRONS 


Introduction 


The reaction BLO (na) La” produced by thermal 
neutrons leads either to the ground state or to an excit- 
ed state in wl, The excited state decays to the ground 
state by the emission of a y-ray. It is possible to ob- 
serve a-y coincidences from the disintegration of plo, 

This experiment has been performed by Rose (Ro 48) , who 
obtained a value of 0.48 + 0,015 Mev for the y-ray energy 
by absorption measurements in lead. 

The objectives of the present investigation were: 
(1) to measure the energy of the 11? y-ray as a check on 
published data, (2) to test the operation of the electron- 
ic circuit which had been developed, and (3) to demonstrate 
the usefulness of a fast coincidence circuit in the pres- 
ence of a copious Source of neutrons for determining levels 
formed by neutron bombardment and whieh decay by y-ray Ge 
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Method 


A sketch of the experimental arrangement appears 
in Fig. 6-1. The source of neutrons was a deuterium tar- 
get bombarded og 1.4 Mev deuterons from the Rockefeller 
generator. The target was surrounded by a block of paraf- 
fin 20" x l2" x 6". A hole 2" in diameter and 3" desp was 
bored in the paraffin in order to introduce the target in- 
to the center of the block, The purpose of the paraffin 
was to moderate the fast neutrons from the target. The 
neutrons were sloweá down because: (a) the neutron capture 
cross-section of pi? follows the familiar l/v سڈ‎ and 
therefore is a maximum for thermal neutrons, and (b) fast 
neutrons would be detected by the scintillation counter 
used to measure the yerays (these neutrons would increase 
the counting rate in the y-ray channel and thereby increase 
the random coincidence rate, which dictates the sensitivity 
of this experiment). 

In order to reduce still further the counting 
rate in the y-ray channel, a wall of lead bricks 2" thick 
separated the paraffin block and the proportional counter, 
The purpose of this wall was to shield the scintillation 
counter from the y-rays produced by neutron capture in ths 
pareffin. 

The proportional counter was of brass, outside 
diameter 1", active volume 3" long, center wire 2 mil tung- 


sten, and 0.042" wall thickness, filled with boron triflu- 
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oride (96% pt0) at a pressure of 21 cm. of mercury. The 
scintillation counter, amplifiers, coincidence circuit, 
and scalers were those described in Chapter IT. 

About 90% (Ro 48) of the 117 nuelei are formed 
in an excited state. The y-rays accompanying the de-ex- 
citation of this state escape from the proportional count- 
er and are detected by the adjacent scintillation counter. 
The energy of this y-ray, corresponding to the energy of 
the excited state, was measured by comparing its absorp- 
tion coefficient in leed (A4" x 4" x 0,0645" sheets) with 
that of 0.51 Mev annihilation radiation from رن‎ ۱ The 
absorption coefficient was determined by nessuring the ra- 
tio of a-y coincidences to the number of a pulses as a 
function of the thickness of lead absorber placed between 
the counters. 

The total number of counts produced in each of 
the single channels and in the coincidence channel were 
observed. In addition, the total elapsed time for eaoh 
run was recorded. Let 

N, = the total number of counts observed 
in the proportional counter channel, 


N = the total number of counts observed 


y in the scintillation counter channel, 
Nop = the total number of coincidence 
counts observed. 
Np = the number of true coincidences. 
No = the number of chance coincidences. 
At = the elapsed time for a run. 
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7 = the resolving time of the coincidence 
circuit, 
We wish to determine the ratio N/K as a function of the 
lead thickness. It is necessary to determine the number of 
chence coincidences which may be expected in order to find 
the number of true coincidences. In accordance with the 
usual formula for random coincidences (Du 40), the chance 


rate is 
N / At = 27 (Ny/ At) (N,/ 0%) (6-1) 


The chance coincidence rate increases with the product of 
the two single chennel retes, which increase linearly with 
the beam current from the high-voltage generator,  There- 
fore the chance rate varies as the square of the beem cure 
rent, whereas the true coincidence rate varies as the first 
power. This second power dependence requires that the vari- 
ation in beam current as a function of time during a run be 
known, if corrections for chance coincidsnces are to be 
made. To reduces this effect, ths beam was held as constant 
as possible. It is not necessary to have the same beam cur- 
rent during each run, oniy that the beam current remain con- 
stant during a given run. 

The customary procedure for determining 7 is to 
observe the single channel rates and the coincidence rate 
using two independent sources. All coincidences observed 
must then be random coincidences, Substitution of the 


three rates into (6-1) gives T. A slight variation of 
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this method was adopted. Instead of two sources, the boron 
fissions in the proportional counter wcre used as the scurces 
To insure that all coincidence counts were due to chance, an 
additional length of delay line, equivelent to 0,15 ¿ sec- 
onds, was inserted in the proportions) counter channel, 

This delay is considerably larger than the resolving time 

of the coincidence circuit (see Chapter II}. Since the 
pulse in the proportional counter and the appearance of the 
Li? y-ray are essentially simultaneous, the presence of 

this delay prevents any true coincidences being recorded. 
The results are given in the first row of Table 6-1.  Sub- 


stitution of the observed values into (6-1) gives: 
27 = 0.66 + 0.07 x 1077 min, 


The extra delay was removed from the proportional 
counter channel, and a delay of 0.04 4 seconds inserted in 
the scintillation channel. “This delay compensates for thse 
average electron transit time in the proportional counter, 
which constitutes an intrinsic deley in this channel, es 
discussed in Chapter II. The total counts in both single 
channelsand the total coincidence counts were observed as 
& function of the thickness of lead interposed between the 


proportional counter and the scintillation counter, 


Results 


The errors shown in Table 6-1 ars probable errors 
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duo to statistical fluctuations in the totel number of counts. 


The fractional probable errors in the single channel ceunts 


are negligible compared to those in the coincidence counts, 


The first row gives the results of ths experiment from which 


2 T was determined. 


ber of chance coincicences,. 


This value was used to compute the nun- 





No, of 
Lead At 
Sheets (min) No N, Nom N. Np 21/17 
Random 29.90 526,818 3,948,800 46 L6 0 0 
Counts +h.6 +h. 
0 3h. 37 503,232 1,268,800 643 15 598  1.190x10”2 
+ 17 44.5 +18 62 
1 20.50 452,288 3,651,,100 jl 53 388 0,859x10”? 
+ 14 45.3 +15 +0.033x10”? 
2 25.82 539,584 2,249,600 1416 56 360 0.688x1072 
+ 14 45.6 415 +0.028x10” 
3 26.15 530,624 4,096,000 302 55 247 52 
+ 12 45.5 413 2 
7 24.38 522,624 3,872,000 255 55 200  0,383x1072 
+ 11 45.5 +12 رو‎ 
5 29.98 586,240 14,256,000 212 55 157 0.2 
+ 10 25.5 +11 +0.019x10”3 
6 36.62 740,288 5,248,000 240 70 170 03 
+ 10 47.0 412 +0,.016x10”? 
7 16.02 904,064 6,227,200 7 81 146  0.162x1072 
+ 10 +8.1 +13 2 
8 34.60 649,280 24,569,600 128 57 ۷ 02 
+ 8 +5.7 +10 0.213 
9 38.60 7035616 4,736,000 2 57 45 0.064x10723 
+ 7 45.7 +9 +0.013x10”? 
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hese results dre plotted in 
Pit gives c LY - 0.4 om**, tne probable error boing es- 
timated by inspection. 

Using the ebove value of , und the yerey ubsorp- 
tion coefficients provide in M.I.T. Course 6.512", it is 
possible to estimate the energy as about 0.5 Key, ‘the seom 
etry of the experiment is "poor", henee this ig not an ace 
curate value of the y-ray energy since the contribution ol 
the Kiein-Nishins scattering to the total observed absorp- 
tion coefficient is uncertain. This contribution may vary 
from zero, for ideal sphsrical geometry, io s mazimun (the 
value plotted in the curves) for ideal narrow beam geometry. 

In order to determine tho fraction of the Klein- 
Nishina scattering which is effective, the absorption coef- 
ficient of a y-ray of Knowm cusray is measured in the seme 
geometry as was the unknown. The refersnes yeray should 
have an energy approximately equal to that of the unknown. 
The y-rays from oubk ars almost pure annihiiation radiation 
(0,51 Mev); harder y's are present to the extent of only 
one 1.35 Mey quantum per 40 + 5 positrons (De 47). 

À soures of cuk was prepared by bombarding copper 
with deuterons in the cyclotron for five minutes, and ellow- 
ing it to stand for four hours to remove the five minute 


activity of cu, The copper was dissolved in nitric acid 





*These curves constitute the latest revision of those appear- 
ing in R.D. Evans and'R.O. Evans, "Stu@ies of self-absorption 
in gamma-ray sources", Rev. Mod. Phys. 20, 305=326 (1948). 
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nickel. From the electrolytic coprer a concentrated so- 
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r. 
luticn of copper sulphate was prepered, Thess cperations 
were performec by Mr. WP. Corriveen of the Winerals Dress- 
ing Laboratory. 

A Gu&my counter was nade from the Same tubing as 
the proportional counter, Its length was equal to tbe &ct- 
ive length of the prceportional counter, Tt was capped St 
each end with brass dises 0.05" thick, end coated on the 
inside with glyptal to prevent copper ions from bsing de= 
posited on the walls. The dummy wes filled with the copper 
Sulphate solution, diluted te fill the volume, and was sub~ 
stituted for the proportional counter, The absorption co- 
efficient for the annihilation rediation was measured, 
using the same equipment es before. The results, corrected 
both for background and for decay of the ou source, are 
tabulated below. The rrohable errors due to statistical 


fluctuations were less than 1,0% for all thicknesses of 


lead, 
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TABLT 6-2 


Number of Absorbers Counting Rate per Minute 


oO 


21,997 
19,100 
15,200 
11,800 
2,125 
7,100 
5,310 
7 4,110 


Vi Er y UP F 


ON 


092 


3,265 
S 23740 


The best fit in Fig. 6-3 gives y = 1,525 + 0,015 
esch, The probable error wes aggin estimated by inspection, 
and ls negligible in conperison with the error in , for the 
Li? /٭‎ 3۰ 

Fron the curves for lead, the maximum total ab- 
sorption coefficient „, = 1.675 cm”! for 0.51 Mev y=rays, 
The difference of 0.150 between this value sná 1,525 om”, 
es found above, is attributed to the poor geometry. The 
maximum value of the Klein-Nishina scattering cosfficient 
Ce for this energy is 0.51 ont, Subtracting 0.15, we find 
0.36 em”t, i.e., only 71% is effective. In the region of 
energies under consideration, the Klein-Nishine absorption 


coefficient, Ca, has a constant value of 0.27 en” aná Ta 
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Fig. C-5. Dummy counter calibration - cuc annihilation 


radiation absorption in lead. 
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“he totel EKlein-lis5Line coefficient = = Ga + Ca = 0463 emn", 


"ü $ 
Subtracting itis riam 1.7 en”? gives a provtocleciric cbororp- 
tion cosfficient of 1.07 om"! for 11? y's, whieh corresponds 


ing as before, However, this slight correction makes no ap» 


To estimate the probable error, the seme procedure 


is applied using 1.6 em”! and 1,6 om7i, the observed upper 


ana lower limits for the absorption coefficient of tbe Li" 


y-ray. The energies found are 0.46 and 0.50 Mev. Accord- 


ingly, the energy of the Li’ y-ray is estimated as 0.40 + 


0.02 Mev in excellent agreement with Rose's value of 9,48 + 


0.015 Mer. 





A summary of work carried out before 1940 on the 


excited state of Li’ 


appears in Graves! article (Gr 40). 


Work to 1947 is discussed by Siegbahn (Si 46, Si 47). More 


recent work is tabulated by Rose (Ro 48). The more recent 


values appear to be the most accurate, and center around 


0.48 = 0.01 Mev. 


The probable error ascribed to the present deter- 


rinetion is larger than th 
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CAPTAR VIT 


ENERGY LEVELS IN Bs® AND Li’ AS DETURMINED FROM 
THE BOMBARDMENT OF 147 WITH PROTONS 


Introduetion 


Nuclear reactions resulting from the bombard- 
ment of Li’ with protons have been studied extensively 
for several reasons: 

a. The threshold for neutron production 
is low (1.881 Mev); 


b. The reaction is a copious Source of 
monoenergetic neutrons; 


c. The pure metal is easily obtained, 

and targets of any desired thickness 

ray be readily evaporated, 
Mattauch and Flammersfeld (Ma 49) give a complete bibli- 
ography of these studies as of the end of 1948, Perhaps 
the most definitive work is that of Hornyak and Lauritsen 
(Hi 48) which consists of a compilation and doordination 
of results of many authors. Since the reactions using 
Li" are so well known, the study of them is particularly 
important for calibrating vnd evaluating the performance 


of the Rockefeller Generator, 
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The Gamma Ray Yield 


Theo camma ray yield curve, Fig. 7-1, was ob- 
tained using a target about 15 kev thick. Many resos 
nances for formation of the compound nucleus Bed are ex- 
hibited, some of which have been previously reported. 
The possibility exists that some of these resonances 
result from impurities in the lithium. Metal Hydrides, 
Inc. of Beverly, which supplies ths mstal, lists these 
impurities as: Nu, .6%3 Ca, .02%; X, .01%; N, ,06%; and 
Fe, .001%. 


Using Fig. 7-1 and the reactinns 


Be? + p —» Be + d + 0.558 Mev (T1 49) 
and Be? + Q ج‎ ZAIT + @ + 7,145 Mev (Bu 49) 


which have reliably determined 9 values, the tentative 
energy level diagram, Fig. 7-2, has besn constructed. 

the level at 18,12 Mev results from inelastic 
scattering of the incident proton. As indicated in Fig. 
7-2, the outgoing proton may leave the resultant Li’ nus 
cleus in an excited state at 0.48 Mev , which subsequently 
decays by gamma emission. The energy of this gamma ray 
was determined by simple absorption in lead, as described 
later. An independent means of arriving at this gamma 
ray energy has already been described in Chapter VI. The 
level at 18,36 Mer must be regarded with some doubt, 


since many accelerators hayes been able to reach a bonm- 
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Fig. 7-1. The gamma ray yield from a Li target bonbarded 
by protons. 
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only those determined in tue present investigation. 
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barding energy of Ep = 1,22 Mev and this region of ex- 
citation hes presumably been well investigated, The |) 
level wes duplicated severel times, usine the same ter- 
set, and using a @ifverent target. Since the fraction- 
al standard deviation of the data recorcésd was about 1 
per cent, it is concluded tnat the level definitely does 
exist, although it can not be stated positively that it 
does not belong to some target impurity. . 
The level at 19.23 coincides with a resonance 
Tor neutron production. That there should also be a 
gamma resonance indicates 
a. This ievel has two competitive modes 
of decay: one by gamma emission to the 
ground state; the other by emission of 
& neutron, leaving Be’ in the ground 
state as a product nucleus; 
or bd. Since this level is believed not to 
decay to some lower level of Bee (Hl 
48), another explanstion of the gamma: 
peak is that a neutron may be emitted, 
leaving the product nucleus Be" in an 
excited state, which subsequently de- 
eays by gamma omission, 
This latter possibility, indicated by question marks on 
the level diagram, would give one a ievel in Be’, From 
the diagram, it can be seen that if the neutron were e- 
mitted with essentially zero energy, the level in Be? 
would be ~ 0.39 Mev above the ground state. By analo- 
Ë. 
gy with Li’, which is the mirror nucleus of Be’, one 


would expect a level of nearly this value to exist in 


Be”, Recently, experimental evidence has been accumu- 
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lated indicating that such a levsl does exigt (La 50, 
Jo 50) at 430 kev above the zround state, Grosskreutz 
and Mather (Gr 50) have found levels in Be? at 205, 470, 
and 745 kev above the ground state, However, some doubt 
has been cast upon their results. 

The modes of decuy of the levels at 19.68 Mev 
and above are only speculative. Not enough energy 8 
available for ths compound nucleus to split into H3 + 
Hot + HL, The neutron yielé in this region of boubard- 
ing energy indicates that the compound ef nucleus has 
essentially a constant probability for decaying to Be 
by neutron emission. It seems unlikely, however,that 
these levels deoay by gamma emission to some lower stete 
of 865 with subsequent spiitting of the nucleus into 


two alpha particles, 


Application of Wilson's Spherical Shell Model 





The success of Wilsonts spherical shell model 
of nuclei (discussed more fully in Chapters VIII and IX) 
in calculating the resonances in Cr22 and Ti4® led to at- 
tempts to fit it to Be as well, As with other theories 
in which nuclel are regarded as liquid Gronn, Wilson's 
moy be expected to show deviations for the light nuclei, 
Reasonable agreement can be achieved between obssrved 
and calculated resonances if one of the constantsof Wil- 


son's original equation (ef. Chapter VIII) is altered as 
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follows: 


= 0.366 [(n - 3)(n « 27] V? + 
(1.44) (az*)7 (3) (3 9 1) 


To è 
- . 


The change of the constant rrom .387 to .386 is squivalent 
to saying thet the value of the (LAN + uil) - Bo mass dif 
ference used in auetermininz the observed levels is too low 
by 0.000055 amu. Table 7-1 shows the comparison between 


observes and calculated resonances. 


TABLE 7 “a 1 


E opa (Mev) By j (Mev) =» 7 
18.12 18.156 4.6 
18,36 18.316 k? 0 
19.23 19,173 49 1/2 
19,68 19.700 50 1 
19,86 19.860 51 0 
19.97 19.945 35 1/2 
20.09 20,086 51 1 
20.25 20.246 5g 0 
206 20, 331 52 1⁄2 


Since the error in determining the observed resonances is 
about <5 kev, ths above tuble shows thet the agreement be- 
tween observed and calculated values for the levels is ae 
bout as well as can be expected for such 4 light nucleus 
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LAT yeRey Absorption Meesuremen ys 


The energy of the y-ray corresponding to the 
resonanoe observed at 1.05 Mev proton energy was noas- 
ured by absorption in lead. With the generator operat- 
ing at 1.05 Mev, lead sheets 4" x 4" x 0.0645" were in- 
ternosed between the targst and Geiger-lhiueller counter, 
The absorption curve, corrected for background, is shown 
in "ig. 7-3, The probable errors indicated are 0.6745 
times the standard deviation cf & singla observation, 
The best fit gives u = 1.55 + 0.05 em"l, the error being 
estimated by inspection. 

Here again, as in the measurements described 
in Chapter VI, the geomstry is "poor", and calibration 
is necessary. A source of QuÓ^ annihiletion rediation 
wes prepared by bombarding a sheet of copper for two 
minutes in the cyclotron. A strip l mm, x 2 mm, was cut 
cut and placed on © tantalum target at the point ordi« 
nerily struck by the beam. The previous geometry wes 
01168166 in all respects. The results of the cali- 
bration measurement, corrected for background anû for 
source cecey, are plotted in Fig. 7-4}. The proheble 
errors are ebout 14 for all points. From the figure, 

u = 1.46 + 0.02 om", the error being estimated by in- 
spsction. 

Computations identical with those described 


in detail in Chepter VI yield 0.49 + 0.01 Mev for the 
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Fig. 7-4. Calibration measurement - Cu annihilation 


radiation absorption in lead. 
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energy of the Li y-ray, aoyreslo; yuithin the experirental 
errors, with the value found in Chapter VI and the values 


of other workers eitsü in that chárter, 
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Vlll‏ للاه د طاغندن 


ENERGY LEVELS IN 212% A3 DEIER FROM THE BOMBARDMENT 


or اڈ‎ WITE PROTONS 


Insroäustion 


To date, the reaction v?(p,n)or?i has re~ 
ceived only soant attention. Bradt (Br 45) and co-vork- 
ers used the reaction to study the radiation from Cr+, 
In 1948, Smith and Richards (Sm 48}, using a target of 
V205 » round the threshold for neutron production at 
E, = 1.564 + 0.003 Mev, Recently, Henson and Taschek 
(Ha 48) measured the neutron yield from a thick vana- 
dium target for energies up to E, = 2,9 Mev, and from a 
thin target for energies up to 2,0 Mev. We have con- 
firmed Hansonvand Taschex's results for thick targsts, 
and have extended the measurements for both thick and 


thin targets to E, = 3.7 Mev. 


P 
The study of reactions involving medium weight 
nuclei such as V and Se is important for several reasons: 
a. The neutrons from the targst have low 
energy near the threshold. 


b. There is only a small variation in 
energy of the neutron beam with angle. 


ec. The low energy neutrons are emitted in 
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the forward direction, in contrast 

with the neutrons from Li! + p in 
which neutrons of comparable energy are 
emitted at backward angles. The back- 
ground of back scattered neutrons whieh 
occurs with the latter reaction is thus 
effectively eliminated. 


d. With sufficient energy resolution of 
the proton beam and very thin targets, 
1.9., only a few kilovolts, one can Ob- 
tain considerable information concern- 


ing the level widths and level spacing, 
thus providing a check on theory. 


Thick Target Yield 


A thick vanadium target was prepared using a 
sliver of the metal approximately one millimeter thick. 
The metal contained 10% iron, with only traces of other 
impurities. 

The ylelà curve in Fig, 8-1 indicates a thresh- 
old of 1.56 + 0.01 Mev. The probable error is the result 


of the uncertainty ín beam energy as discussed in Chapter 
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has been superposed on the neutron yislä curve of Fig. 
8-1, The two plots are normalized at a genereting volt- 
meter setting of 80. Since the energy of the bombarding 
proton never reaches the top of the coulomb barrier of 
the vanadium nucieus (about 6.25 Mev), the yield is seen 


to increase very neuriy as predicted, 


Thin Target Yields 


Two thin vanadium targets were prepared by 
Baird Associates by evaporation in vacuo. The first, 
5000 A (42 kev) in thickness, gave a neutron yield with 
indications of several resonances. To investigate these 
resonances more thoroughly, the thinner target (17 kev) 
was used although its surface was somewhat crazed, The 
results are given on a semi-log scale in Fig. 8-2. Fig. 
8-3, a linear plot of the same data, emphasizes the res- 
onances obtained. No attempt has been made to indicate 
the statistical error, sincs for most points the frac- 
tional standard deviation is only about 1 per cent. Near 
threshold, it rises rapidly to about 5 per cent. An at- 
tempt was made to establish each resonance by three points 
on either side of the peak. However, the resolution of 
the generator was not sufficient in some instances, Table 


8-1 is derived from Fig. 8-3. 
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Fig. 8-2. Neutron yield from a thin {17 kev) vanadium target 
bombarded by protons, 
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TABLE 8-1 


MoB] 

Generating Proton — — 

Voltmeter Energy My + Ma E52 

(arbitrary) (Hev ) (Mev ) (Mev ) 
46 Re 13 Re 09 Ll, 31. 
1,8 2, 22 2.18 11.43 
19.5 2.28 211 11.49 
50. 5 2.33 2.28 11.53 
52.75 2.43 2. 38 11.63 
56 2.58 2.53 11.78 
57,5 2.645 2.59 11.81 
584 5 2.69 2.64 11.69 
60,5 2.76 2.72 11.97 
62.5 2.87 2, 82 12.07 
65 2.985 2.93 12.18 
66.5 3.05 2.99 12.24 
67.75 3.105 3.04 12.29 
70 3,21 3,15 12.140 
72 3, 30 3,2, 12.49 
74 3, 39 3.33 12.58 
75.25 3.45 3. 36 12.63 
77.5 8.55 3.48 12.73 
79 3.62 3.55 12.80 
80.25 3.68 3.61 12.86 
84.737 3.74? 3,67? 12.927? 


Es represents the energy levels in ore, obtained from: 


Exo = (Mg + My - Mg)e* + 3. . ء‎ 
My + Ma 
M4 and M5 = masses of bombarding and target nuclei re- 
spectively, Ey = energy of the bombarding particle, 
Mg = mass of the compound nucleus in its sround state, 
To compute Bez, the masses of Cró2 and V?l as given by 
Segre (1946) have been used, The uncertainty in these 
mass differences is of the order of 1 Mev. Hence, the 


absolute values of E52 also may be in error by this a= 


e 78 e 
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mount. However, the calculated saparations of the levels 
should be accurate to within about 15 kev. 

Fig. سع8‎ 3 indicates that many of the resonances 
have widths at half maximum cf about ono nalf scale divi- 
sion on ths generating volimeter ~ 27 kev. Since the 
target was ~ 17 kev in thickness, we have approximately 
10 kev as an upper linit for the actual level width. ‘The 
averags level spacing is ~ 80 kev. 

The data of Table 8-1 have been used to con- 
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ui qu 


struct a rough energy level diagran, . omy,  Tronsi- 


r2* to the ground 


C2 


tions from certain excitsd levels of 


state of Or?! have been indicated a probables while othsor 


2 


levels ars believed to decay to an excited state of ort 
based on the gamma ray yield curve described later, 

According to the spherical sheil model of nucis6i 
of Wilson (Wi 50), the excited levels of a nucleus are 


given by 


By; = 0.387 [{m= 1)(m + 2)]23/2 . 
14h (azhy~/3(5)(5 + 2) 


The general form of the equation has been computed accord- 
ing to the clessical method of Rayleigh (Ra 79) for find- 
ing the modes of vibration and rotation of a water droplet. 
The constants have bsen found empirically by Wilson to sat- 
isfy known levels in certain nuclei. Using Wilson's equa- 
tion, various values of n and j have been assumed to see if 


the theory agrees with the observed leveis in vanediun, 
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Jig. 8-4. nergy levels of Cr“, showing those determined 
in the present investigation. Numbers to the 


right of a level indicate bombarding energy. 
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The results are given in Table 3-2, 


TABLE 6-2 
Observed level 
(Mev) Enj (Mov ) ü j 
11.34 ll. 327 28 7 
11.43 11.402 29 0 
11.49 11.469 29 3 
11,53 11.513 29 7۸ 
11,63 11.636 29 6 
11.78 . Ad, 789 30 0 
11,84 11.856 30 3 
11,89 11.900 30 4 
11.97 11.956 30 5 
12,07 12,023 30 6 
12.18 12.177 31 0 
12.214 12.244 31 3 
12.29 12.289 31 À, 
12,40 12.411 31 6 
12.49 12.489 31 7 
12,38 12.564 32 0 
12.63 12.631 32 3 
12,73 12,731 32 5 
12.80 12.798 32 6 
12,86 12.876 32 Y 


The agreement is remarkably good, especially since the 

probable error in an observed level is + 15 kev. However, 

as Wilson points out, values for n and j may be selected 

so that the calculated levels fit nearly any observed lev- 

el scheme. On the other hand, it may be noted that the j's 

describing the rotation levels are quite consistent, i.e., 

no non-integral numbers have besn used. Furthermore, the 

j values repeat between successive vibration (n) levels. 
While Wilson's theory does not predict the ex- 


istence of levels, the calculation may lead to a more 
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exacting search for an apparently missing level when a 
particular j value within a vibration band is absent. 
For example, the observed resonanca 4L 12.07 Mev may be 
compared about equally well with a calculated level for 
n = 30, j = 6 or 7. The discrepancy between observed 
and calculated leveis tor either value of j is larger 
than at any other place in the table. Reference to Fig. 
6-3 shows that the observed resonance at 12.07 Mev (gen- 
erating voltmeter = 62.5) is rather broader than the 
others, and suggests that a more exacting investigation 
might resolve this peak into two, such that both j = 6 


and j = 7 will be more neariy satisfied. 


The Gamma kay Yield 


The gamma ray yield from a thin target of vana- 
dium (17 kev) bombarded with protons, measured simultane- 
ously with the neutron yield, is shown in Fig. 6-5. As 
before, the fractional standard deviation cf sach point 
is about 1 per cent. A comparison of Pigs. 8-5 and 8-3 
shows that for each peek of the gamma rey yield curve, 
there is a corresponding peak on the neutron yield curve, 
but ths opposite is not true. Peaks of neutron yield for 
which there is no accompanying peak of gamma yield occur 
at 49.5, 57.5, and 56,5, corresponding to levels in the 
compound nucleus at 11.49, 11.84, and 11.89 Mev. The ab- 


sence of these gamma peaks suggests that the above levels 
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Fig. 8-5. Gamma may yield from a thin (17 kev) vanadium 
terget bombarded by rrotons. 
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of 5ہیں‎ decay to the ground state of ort, while the 
other observed isvels decey to excited states of rôl, 
whieh subsequently emits one or more gamma rays in 
transitions to the ground state. 

Examination of Fir. 8-5 shows thet the single 
peaks occurring at voltmeter settines of 56 and 62,5 on 
the neutron yield curve (Fig. 8-3) are here each resolved 
into two separate peaks. If, by further investigation, 
each of these peaks of the neutron curve can be resolved 
into two peaks, the absence of j = 7 for n = 29 will be 
explained, Furthermore, both j = 6 and j = 7 for n= 30, 
when substituted into Wilson's equation, will give calou- 
leted resonances agresing with the observed levels, as has 


been discussed previously ín connection with Table 8-2. 


The —— Cross Section, the o Value, and the Or?l - y5l 
Nass ference 


A rough estimate of the Y?1(p,n) eross section 
has been made by assuming the long counter to have nearly 
the same absolute Bensitivity a9 tho ocunter described by 
Hanson a ná MeKibben, Thus one neutron count at 53 om. re- 
presents a source strength of 1.7 x 10% neutrons. Refer- 
ring to Fig. 8-2, the counting rete is ~ one neutron per 
y coulomb at 50 kev above threshold for a V target 2000 7 


thick, The cross section is then roughly: 
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og e neutrons/u osulomb 


(protons/u coulomb) (nuolei/cm?) (thickness) 


y = aZ x 20%)(1,6 x 10717) 


(,0704 x 10۶#) (2000 x 1075) 
z2x 107? berns, 


For heavy nuclei*, the Q value may be computed 





T = = M? 1 
Tol threshold M' - mp 24 


where %' is the masas oT the residual nucleus anā Ed, is the 
mass of the proton, Substituting the known values for the 
masses, the Ç value 1s found to be -1.53 + .02 Mev. This 


value for Q, when substituted into 
vi, pl > nl. ofl +o 


gives the Or?l . y+ mass difference to be 0.00060 + 
0,00002 amu, 





*Por light nuclei, the Q value is found from the exact ex- 
pression: 
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CHAPTER IX 


ENERGY LEVELS IN T45Ó AS DETERMINED FROM THE BOMBARDMENT 
Of So^5 WITH PROTONS 


Introduction 


The reaction S655 ( »,n) 1^5 bas been studied 
very little, Allen (Al 41) and his coworkers used the 
reaction to produce Ti^5, in oráer to measure tho half- 
life of this nuclide. Henson ená Taschek (Ha ë) have 
measured the neutron yisld from a thick scandium target 
for proton energies up to 3.5 Mev. We have confirmed 
Hanson and Taschek's results for thick targets. In 
addition, we have studied both the neutron and gamm&- 
ray yield from a thin target for energies up to 3.74 
Mev. The study of the seandium reaction is important 
for the same reasons us for vanudium, as discussed in 
the previous chapter. In addition, the neutron yield 
just above the threshold is some forty times as great 
in scandium as in vanadium (He 48), 

It must be emphasized at the outset that the 
results described below should be considered as tenta- 
tive. Lack of time has prevented a thorough verifica- 


tion of the yield curves obtained, 
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Thick Target Yield 





A thick scandium terget was prepared by evap- 
orating e suspension of the oxide to dryness on a tanta- 
lum backing. The oxide sample used was prepared by 
Johnson, Matthey and Company, Limited, London, and was 
certified "spectrographically standardized", 

The yield curve is plotted in Fig s"9-1. The 
threshold occurs at 2.90+0.02 Mev proton energy. The 
probable error attributed to the measurement is a result 
of the uncertainty in beam energy. The break in the up- 
per part of the curve corresponds to a similar break ob- 
served in the thin target yield upon which several res- 


onances are superimposed, 


Thin Target Yields 


A thin scandium target was prepared by 6vap- 
oration in a, as describeá in Chepter ¥. The neutron 
and gamma-ray yields from this target are shown in Figs. 
9-2 and 9-3 respectively. No attempt has been made to 
indicate the statistical error, since for most points the 
fraetional standard deviation is less than 1%, except 
near thresholé on the neutron yield curve where it rises 
to ebout 5%. 

Using the same date which was used to construct 


the yield curves, the following table has been prepared: 
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Fig. 9-1. Neutron yield from & thick acandiumboxide 
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Resonanoe 


1.40 
1.46 
1.50 
1,62 
1.72 


TABLE 9-1 


»(11546) 
Observed 


9.66 
9.72 
9, 76 
9.87 
9.97 
10, 11 
10, 11 
10,58 
10.65 
10.77 
19,82 
10.86 


11.69 
11.78 
11,85 
11.92 


En 


Calculated 


9,688 


11.686 
11.777 
11.835 
11,921 
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In this table, the first two columns represent proton 


energies in Mev corresponding to resonances observed in 
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the yield curves. The valves of F(TI4°) ara energy levels 


in TW computed from 


where 


E(T146) = (Mo + My = M)e2 + Mo / (Hg + My) 


Mo = mass or the ooh? atom 


My = mass of the hyärogen atom 
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Y = mass of the 6ا وچ‎ atom 
Ej = energy of the proton 
ç = velocity of light 


The values of End represent energy levols computed by 


thewmase of Wilson's formula (wi 50), 


qy = 0.367 [(n - 1)(n « 2) V? . 
Led az) UAG 1) 


as was done for venediur in the previous chapter, EOW- 
ever, for scandiun, the coefficient 0.357 wes chenged to 
0,322 in order to arrive ct the results shown in the 
table, The necessity for e correction of this nature 
could arise from the uncertainty in the mass differences 
used to compute the observed energy levels. The masses 
used wers taken from Segre (1948), and the uncertainty 
is of the order of 100 kev, introducine the same uncer- 
teinty into the values of the observed energy levels, 
The agreement between the observed and computed 

energy levels is not as good with seandium as with vana- 
dium. By using slightly different values of the initial 
coefficient in vwilson's formule, and different nts and 
j's, other level schemes oan be calculated which will 
fit the observed data about as well as the one proposed 
above. The one given is merely the best fit of several 
possibilities which were tried, The range of choice is 


so great that, as Wilson points out, "values of n aná j 
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can be found to make the celculated values agres with 
the observed values within the limits of error in near- 
ly all cases", Since the limits of error are large in 
this investigation, arising mainly fror the uncertainty 
in mass differences, the comparison of observed and cal- 
culated values does not give a significant quantitative 
test of the thecry. 

The level spacings observed ere of the order 
of 100 kev. Wilson suggests that this is about the spac- 
ing to be expected for all elements aná all excitations, 
aná that this specing is from 1000 to 10,000 times great- 
er than on other current theories for excitations of the 
order of 10 Mev,  Qualitatively, then, the results ob- 
tained are in accord with Wilson's conclusions, 

The data of Table 9-1 have been drawn into an 
energy level diagram, Fig. 9~4. Insufficient evidence 
is available to dstermine tha mode of dscay of the ex- 
cited levels, A tentative transition to the ground state 
or Ti*? is indicated as possible on the basis of the two 
71616 curves. This transition corresponds to a neutron 


resonance unaccompanied by a gamma-ray resonance, 


The Q Value and the T1#? - set? mass Difference 


The Q value nay bs computed from 


E, (threshold) = - = ۾‎ 
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Only levels found in this investigation 
are shown, 
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where M' is the mass of the residual nucleus and m, is 
the mass of the proton. Substituting the known values, 
the Q valus is found to be -2,€l + 0.02 Mev. Substitut- 


ing this value of Q into 


Sch? + gt —>» 7155 + nt + Q 


و 


gives 0.00220 » 0.00002 amu for the Ti^? - So^? mass 
älfference, Therefore, to the accuracy of the Sch? mass 


given in Segre (1948), the mass of q1^2 is lly. 9691 amu. 
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SUOGROTIONS TOR FURTHER INVESTIGATION 


The installation of the magnetic resonsnes heam 
energy control vill porn an energy resolution ef nearly 
0,01 per cent to be scourcd ot the Rockefellor Cencretor, 
“he installation of eaquipotential shells shouid pernit 
bombarding energies of eliost 5 Mov to be renched, With 
these two inprovements in the generator, the investiga- 
tioas reportec in Chapters VII, VIII, and IX of this pa- 
per Gan profitably 5e repertad, witk tha view in mind of 
establishing the location of additional exclted states in 
the nuclei of 3e8, 6اچ‎ | end ,رم میں‎ ut energies higher 
then presently ettainable, 

Efforts skoul be made to determine tho nodes 
of de~exoitation of tha levels reported, for exenple, by 
measuring the enersy of the gamme roys associeted with e 
particular levei, ‘Such investigations will be difficult 
and extensive in the cese of Ti^Ó and or? since the lev- 
els are so numerous and closely spaced. Tho knowledge of 
modes of decay would be valuable in assigning values of 
angular momentum and purity (possibly) to the various 


states, Sufficient information of this nature will even- 
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rules goveruiug nuOolecr Transition. 

Two of the lovelo in yes YSQULLS ivdecuitve ai= 
teatioñe ‘ihe first of these, at 16.36 Mev above the 
ground state, suouid be investigated to prove conciusive- 


ly whether tus level deloags to Be 


or one oF the target 
impurities listed in Unapier VII. Secondly, the energy 
of tue gaite rays asscouiated with tae level at 19.25 ۷ 
should be determined. ir this energy turns out to be a 
bout 0.4 — then the gamma reys almosv osrtalaiy result 
from the decay of an excited state of Be", inis measure- 
ment will do mueh to resolve the doubt now extant Con- 
cerning tiie existence of & level in Be’ at ~ ہنا‎ MOV. 

If such a level can oe shown to exist, then it follows at 
once that Li’ loses its value us a nonvenergetic neutron 
source for proton bombarding energies greeter than 2,31 
Mev. Unfortunately, the neutron and gamma ray intensities 
from a Li target at this tombarding energy are too low to 
permit coincidence techniques to be used, Une will prob- 
ably have to be satisfied with & simole absorption exper- 
iment to determine the game ray snergy. 

Tt woulà be desirable to try to fit Wilson's 
spherical shell model to as many nuclei as possible. If 
the same formula Tor excited states can bs shown, however 
empirically, to fit all nuelei, or all nucisi within a 
given region of mass number, then the very fitting of the 


formula to a series of observe levels in a nucleus will 
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enebie oue to obtaín the turget nucileus - compounu nucle- 
us muss diiierence accurate to 0.00001 amu. The method 
for waking this determination has peen indicated in Chap- 
ters VIi and IX under the discussion of the applicability 
of Wilson's model to Be" and miss, 

During the course of the investigations de- 
scribed in previous chapters, a parallel plate propor- 
tional counter was constructes in which it wes planned to 
piace various elements for study under neutron bomberd- 
ment, This counter was made from one originally designed 
as a fission counter (Servo Lab Img. 654608035). It was 
modified by removal of pieces 5 and 9 and substituting 
therefor a high voltage connection with tefion insulation. 
The anode plate was removed and replaced with & niokel 
ring 6.2 om. in diameter on which a grid of 0.5 mil wolf- 
ram wire spacsa at 1 cm. was spot welded. The brass gath- 
ode plates on either side of the enode are easily removed 
for coating with the desired clement, The counter is pro- 
vided with valves for operation as a flow counter, Using 
an A-CO, (57) mixture as flow gas, the counter was suc- 
oessfully operated with hydrogen recoils (cathodes coated 
with wax) and with the 849(n,a)Li’ reaction (cathodes 
coated with 8203). 

Insufficient time was available to perform the 
desired experiments with the counter. However, it is 
felt that it may advantageously bə usea with the coinci- 


dence circuit of Chepter Ii for the investigation of er- 
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